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Physics faculty consider the photoelectric effect important, but many erroneously believe it is easy 
for students to understand. We have developed curriculum on this topic including an interactive 
computer simulation, interactive lectures with peer instruction, and conceptual and mathematical 
homework problems. Our curriculum addresses established student difficulties and is designed to 
achieve two learning goals, for students to be able to (1) correctly predict the results of photoelec- 
tric effect experiments , and (2) describe how these results lead to the photon model of light. We 
designed two exam questions to test these learning goals. Our instruction leads to better student 
mastery of the first goal than either traditional instruction or previous reformed instruction, with 
approximately 85% of students correctly predicting the results of changes to the experimental con- 
ditions. On the question designed to test the second goal, most students are able to correctly state 
both the observations made in the photoelectric effect experiment and the inferences that can be 
made from these observations, but are less successful in drawing a clear logical connection between 
the observations and inferences. This is likely a symptom of a more general lack of the reasoning 
skills to logically draw inferences from observations. 



PACS numbers: 01.40.Fk,01.40.G-,01.40.gb,01.50.ht 



I. INTRODUCTION 

Understanding the photoelectric effect is a crucial step 
in understanding the particle nature of light, one of the 
foundations of quantum mechanics. The photoelectric 
effect is a powerful tool to help students build an un- 
derstanding of the photon model of light, and to probe 
their understanding of the photon model. This topic, 
which may seem straightforward to physics professors, is 
treated only briefly in many courses in modern physics 
and quantum mechanics. However, research shows that 
students have serious difficulties understanding even the 
most basic aspects of the photoelectric effect, such as the 
experimental set-up, experimental results, and implica- 
tions about the nature of light 1 ' 2,3,4 . Thus, there is a 
need for better curriculum to address these difficulties. 

To ensure that our curriculum is aligned with faculty 
goals and expectations when teaching the photoelectric 
effect, we conducted an online survey of faculty who had 
recently taught modern physics. We received responses 
from 15 faculty members at 9 universities. 

Everyone who responded to our survey said that it is 
important to teach the photoelectric effect. Some typical 
explanations they gave for its importance are: 

The quantization of radiation was an 
important development in the advancement 
quantum theory. The beautiful and simple 
explanation of a puzzling effect is a rather 
powerful example of the efficacy of quantum 
principles and good old conservation laws. 

This is one of the most basic and founda- 
tional experiments, both historically and con- 
ceptually, for the nature of the photon and 



the concept of duality. 

While all agreed on the importance of the photoelec- 
tric effect, the average faculty member spent about an 
hour of lecture time on this topic, and gave a few home- 
work problems. Thus, while most faculty members feel 
that the photoelectric effect is extremely important, they 
do not spend much time on it. One third of our re- 
spondents described the photoelectric effect as "simple." 
There seems to be a widespread perception among faculty 
that this topic is straightforward and can be understood 
by students with relatively little effort. 

We also asked faculty to list their learning goals for 
their students when teaching this topic. The majority of 
the responses were consistent with our two main goals, 
for students to be able to: 

1. correctly predict the results of experiments of the 
photoelectric effect, and 

2. describe how these results lead to the photon model 
of light . 

Most faculty (80%) thought that they had achieved these 
goals. 



II. PREVIOUS RESEARCH ON THE 
PHOTOELECTRIC EFFECT 

The results of physics education research (PER) tell 
a different story. Faculty are overestimating both the 
simplicity of the photoelectric effect and their students' 
mastery. 

Steinberg et alii 2 - carried out studies of student learn- 
ing of the photoelectric effect, consisting of interviews 
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and analysis of exam questions. They found that after 
standard instruction, many students did not have even 
a basic understanding of the experimental set-up or the 
implications of Einstein's explanation of it. They sum- 
marized the specific difficulties they found as follows 2 : 

1. a belief that V = IR applies to the photoelectric 
experiment 

2. an inability to differentiate between intensity of 
light (and hence photon flux) and frequency of light 
(and hence photon energy) 

3. a belief that a photon is a charged object 

4. an inability to make any prediction of an I-V graph 
for the photoelectric experiment 

5. an inability to give any explanation relating pho- 
tons to the photoelectric effect 

In our own observations of students and analysis of 
homework and exam responses, we have observed evi- 
dence of all of these student difficulties except the belief 
that a photon is a charged object. 

In response to these difficulties, Oberem and Stein- 
berg developed a computer tutorial called Photoelectric 
Tutor (PT)&, that students completed on their own in 
about an hour after traditional instruction. PT was de- 
signed mainly to address the first learning goal discussed 
in the introduction: for students to be able to correctly 
predict the results of experiments of the photoelectric ef- 
fect. As will be discussion in Section IVT1 (see Table IJ), 
this achieved substantial improvement, but not complete 
success, at achieving the desired goals. 

De Leone and Oberem^ conducted further studies in 
a course using PT, confirming many of the findings of 
Steinberg et al. and demonstrating that many students 
lack a basic understanding of the classical model of light 
with which the results of the photoelectric effect are con- 
trasted. We have observed the same problem with our 
students, and have found that it is necessary to spend a 
significant amount of time reviewing the classical model 
of light. 

In his book Five Easy Lessons, Knight^ describes in- 
formal studies he has done on the photoelectric effect, 
which show that many students do not achieve the second 
learning goal of describing how the results of the photo- 
electric effect experiment lead the the photon model of 
light: "When asked on an exam to explain how the pho- 
toelectric effect was inconsistent with classical physics, 
the majority of students wrote that the mere existence of 
the photoelectric effect violated classical physics. Only 
a very small minority could articulate how the photon 
model succeeds where the classical model fails." 

In summary, research has shown that students lack 
much of the prerequisite knowledge of circuits and the 
classical model of light needed to understand the photo- 
electric effect, and that in traditional instruction, most 
students do not achieve either of the learning goals listed 
in the introduction. While PT has helped students make 
progress on the first goal, predicting the results of ex- 
periments of the photoelectric effect, 60% of these stu- 



dents were still unable to correctly predict the effect of 
changing the voltage. We know of no previous research 
that has addressed whether reformed curriculum can help 
with the second goal, describing how these results lead 
to the photon model of light. 

III. METHOD OF INSTRUCTION 

In Fall 2005 and Spring 2006, we reformed and taught 
a large lecture modern physics course for engineering ma- 
jors£ The course had a relatively strong emphasis on rea- 
soning development, model building, and real world ap- 
plications. In addition we implemented a variety of PER- 
based learning techniques, including concept tests with 
peer instruction, collaborative homework sessions, and 
interactive simulations. In Fall 2006 and Spring 2007, 
this course was taught by another professor, also a mem- 
ber of the physics education research group, who used 
our curriculum. 

Among many goals for the course was to address the 
difficulties described in previous research on the photo- 
electric effect and to go beyond the previous work on this 
subject towards achieving the learning goals discussed in 
the introduction. Furthermore, we wanted to create a 
simulation and supporting materials that are freely avail- 
able online, and thereby accessible to a wide audience. 

Our resulting curriculum on the photoelectric effect, 
which is suitable for a sophomore level modern physics 
course, includes three 50 minute interactive lectures, con- 
ceptual and mathematical homework problems, and an 
interactive computer simulation. The Photoelectric Ef- 
fect simulation, shown in Fig. [H was designed as part of 
the Physics Education Technology Project (PhET), and 
is available for free download, along with many other sim- 
ulations in introductory physics and quantum mechanics, 
from the PhET website . Our curriculum is available 
from both the PhET activities database and from our 
modern physics course archive^. 

The homework assignment includes multiple choice, 




FIG. 1: The Photoelectric Effect simulation. 
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calculation, and essay questions, all of which are centered 
around the simulation. The homework asks students to 
predict the results of experiments that they can perform 
with the simulation, and to explain the reasons for, and 
significance of, these results. According to students' self 
reports in Fall 2006, the average amount of time they 
spent on the photoelectric effect homework was 2 hours 
and 16 minutes, and about half of them worked with 
other students on it. 

The first two lectures focus on understanding the ba- 
sic experimental setup, results, and implications. These 
lectures include content that would be included in any 
typical modern physics course, but have more emphasis 
on the necessary background knowledge of circuits and 
the classical wave model of light. The third lecture is 
devoted to applications such as photomultiplicr tubes, as 
well as details of how the electrons are bound in materials 
- content that might not be included in a typical course. 
These applications were included as part of our overall 
effort to make the course more relevant to the students 
by including real world applications. 

Fig. [5]shows a typical question from an interactive lec- 
ture demonstration, in which we ask students to predict 
the effect of changing the frequency of light on the kinetic 
energy of the electrons. We collected student responses 
to such questions using clickers. This question addresses 
several of the critical features of the photoelectric effect, 
including the linear dependence of kinetic energy on fre- 
quency and the existence of a cutoff frequency. This is a 
difficult question, and only a third to a half of the stu- 
dents are able to answer that graph D is correct. (See 
Fig. [3]) We find that group discussions are extremely 
productive for student learning in such questions, as the 
percentage able to answer correctly before discussion is 
much smaller. For example, in Spring 2007, in which 
we collected student drawings before showing them the 
multiple choice answers, only 16% drew something re- 
sembling graph D. 

In the two spring semesters we asked students to draw 
the graph on a piece of paper before showing them the 
multiple choice options, and in the two fall semesters we 
showed the options right away. We note that a signifi- 
cantly higher percentage of students ultimately answered 
the question correctly when we asked them to draw the 
graph first. We hypothesize that this is because drawing 
a graph results in greater student engagement, since it is 
more active than choosing a graph from a list of options. 



IV. SIMULATION 

We designed an interactive simulation to address the 
widespread student difficulties of the photoelectric effect 
discussed in the literature and apparent in our own stud- 
ies. The simulation allows students to control inputs such 
as light intensity, wavelength, and voltage, and to receive 
immediate feedback on the results of changes to the ex- 
perimental set-up. With proper guidance (in the form of 
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FIG. 2: A sample clicker question used in class. 
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interactive lecture demos and homework questions) , stu- 
dents can use the simulation to construct a mental model 
of the experiment. The simulation also allows students 
to interactively construct the graphs commonly found in 
textbooks, such as current vs. voltage, current vs. inten- 
sity, and electron energy vs. frequency. By seeing these 
graphs created in real time as they change the controls 
on the experiment, students are able to see the relation- 
ship between the graphs and the experiment more clearly 
than when viewing static images. 

The Circuit: Previous research has shown that stu- 
dents have trouble understanding the circuit diagrams 
generally used in textbooks to represent the photoelec- 
tric effect. Therefore we replace the circuit diagram with 
a cartoon- like picture of an actual experiment, as shown 
in Fig. [TJ We replace the variable voltage supply with 
a simple battery with a slider. Our design is based on 
suggestions from previous research on the photoelectric 
effect, research showing that students learn best when 
you reduce their cognitive load by eliminating unneces- 
sary details^, and our own research on simulation inter- 
face design and learnin g 10 ! 11 . 

Electrons: One of the more controversial aspects of our 
simulation^ is that we show the electrons passing from 
one plate to the other, a feature that would not be visible 
in a real experiment. We have observed that this aspect 
of the simulation is extremely useful in helping students 
visualize the effect of changing the voltage. Students can 
see in a very concrete way that increasing the voltage 
accelerates the electrons and making the voltage negative 
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decelerates them. 

We have found that many students have difficulty un- 
derstanding the relationship between current and elec- 
tron speed. In class and in problem- solving sessions, 
students often have heated debates about whether in- 
creasing the speed of the electrons leads to an increase 
in current. The simulation is a critical tool in resolving 
these debates, because students can see upon close in- 
spection that increasing the speed of the electrons does 
not increase the number arriving per second on the plate, 
and therefore does not increase the current. 

The electrons also provide a compelling way to visual- 
ize the meaning of the stopping potential, a concept that 
previous research has shown to be extremely difficult for 
students^. In the simulation, when the battery voltage is 
tuned to exactly the stopping potential, students can see 
the electrons just make it to the opposite plate and then 
turn around. The image of these electrons not quite mak- 
ing it seems to be a powerful one. It often elicits laughter 
from students the first time they see it, and we observe 
them spontaneously describing it to instructors and other 
students long afterwards. 

Some teachers who have seen the simulation have ex- 
pressed concern that showing the electrons coming off the 
plate gives away the model of electron flow and therefore 
makes it "too easy" for students. In response to this 
concern, we point out that instruction on the photoelec- 
tric effect normally assumes that students are already 
comfortable with the model of current as electron flow. 
Research shows that this is not necessarily the case. If 
students do not have a clear model of current, it will 
greatly impede their ability to understand the results of 
the photoelectric effect. Our observations that students 
do poorly on many of the in-class concept questions and 
struggle with the homework on the photoelectric effect 
indicate that the simulation does not make learning of 
this topic "too easy." Further, seeing a phenomenon on a 
computer screen is quite different from having an internal 
model of the phenomenon. Our research shows that pas- 
sively viewing an animation is not sufficient for building 
a mental model, and that students must interact with a 
simulation to learn from itJ^ Even with the animation of 
electrons, students still must expend considerable mental 
effort to formulate a useful mental model. 
Photons: In contrast to the electrons, we do not show 
individual photons, but instead represent light as a beam, 
an image that is consistent with either the wave or the 
particle model. Because understanding the experimental 
basis of the photon model of light is the goal of instruc- 
tion on the photoelectric effect, we want the simulation 
to aid students in constructing this model, rather than 
explicitly providing it. The options menu in the simula- 
tion does allow instructors to show individual photons in 
place of the beam view. (Our research shows that stu- 
dents rarely look in the options menuji 1 -) We find this 
view useful to illustrate the photon model after we have 
already discussed how the evidence supports this model. 
Simplifications: Because the photoelectric effect exper- 



iment, like any real experiment, contains many subtle 
complications that are not relevant to the instructional 
goals, instructors must make decisions about which de- 
tails to omit. Most textbooks, for example, discuss the 
fact that electrons leave the plate with a range of en- 
ergies, and thus the equation KE < hf — <p contains 
an inequality rather than an equal sign. On the other 
hand, most textbooks do not discuss the fact that elec- 
trons leave the plate at different angles, although they 
do present current vs. voltage graphs that represent this 
behavior. We have found that when instruction asks stu- 
dents to construct graphs based on a physical model, it 
is impossible to ignore either the range of energies or an- 
gles of the electrons, because if we don't bring them up, 
the students do. This is not necessarily the case in tradi- 
tional instruction. More advanced issues that can safely 
be ignored in an introductory treatment are contact po- 
tential, thermionic emission, and reverse current 1 ^. 

The current vs. voltage graph, the central pedagogi- 
cal tool in PT, provides a useful illustration of the key 
features of the photoelectric effect. One must be very 
careful in drawing this graph, as the shape depends on 
the assumptions one makes, as can be seen in Fig. [4] 
Most modern physics textbooks include a drawing that 
is some variation of Fig. dp, although the straight diag- 
onal line is generally replaced with some kind of curved 
line, the shape of which is different in every textbook. 
(The details of the shape of this part of the curve de- 
pend on experimental issues that are beyond that scope 
of an introductory treatment of the photoelectric effect, 
and were impossible to determine from the original ex- 
perimental data shown in Fig. QJ).) In order to draw this 
curve, rather than the curves in Fig. 2)A_ or0j3, one must 
understand that electrons leave the plate at both a range 
of energies and a range of angles. In PT, if students draw 
a curve like Fig. UJA. or 3)3, the program carefully walks 
them through the reasoning they need to see why Fig. 0p 
is the correct curve. However, a review of six of the most 
commonly used modern physics textbook a 14 i 15 ' 16 i 17 ' 18 i 19 
reveals that only two 14 > 17 include even a brief parentheti- 
cal statement discussing why electrons leave with a range 
of energies, and none mention the fact that electrons leave 
at a range of angles. 

In the initial version of the simulation, we tried to re- 
duce students' cognitive load by starting with a "simple" 
model in which all electrons were ejected with the same 
energy. As students became more comfortable with this 
simple model, we then introduced the "realistic" model, 
in which electrons were ejected with a range of energies. 
The simulation allowed students to switch between mod- 
els with radio buttons labeled "simple" and "realistic." 
This method led to a lot of confusion, as students rec- 
ognized that there were many simplifying assumptions 
that could be made, and had trouble remembering which 
assumptions were included in the "simple" model. They 
expended a lot of mental effort keeping track of which 
model we wanted them to use, effort that could have 
been focused on understanding the physics. 
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FIG. 4: Current vs. voltage curves for (A) assuming all elec- 
trons leave perpendicular to the plate with the maximum ki- 
netic energy, (B) assuming all electrons leave perpendicular 
to the plate with a range of energies, (C) assuming electrons 
leave the plate at a range of energies and with a range of 
angles, and (D) Lenard's experimental data—. 



After the first semester of the course (Fall 2005), we 
replaced the "simple" and "realistic" radio buttons with 
a checkbox labeled "show only highest energy electrons." 
It is unchecked by default, so that the simulation starts in 
the "realistic" model where electrons are ejected with a 
range of energies. If this model is too overwhelming, the 
student or instructor can check "show only highest en- 
ergy electrons" to simplify it, and it is clear exactly what 
simplification they are making. We used this version 
in Spring 2006, and found that students seemed much 
less confused and the number of student complaints de- 
creased. 

We chose to make the simplifying assumption that all 
the electrons leave perpendicular to the plate, mainly 
because the benefit of varying the angles did not seem 
to be worth the cost. Students often ask whether the 
electrons actually come off at different angles, and are 
generally willing to accept that this is just a simplification 
of the simulation. 

A further issue in designing the simulation was how 
to define intensity as a function of frequency. This issue 
does not typically arise in a real experiment because it 
is not physically practical to continuously tune the fre- 
quency of light while keeping the intensity constant, as 
one can do in the simulation. The intensity of light is pro- 
portional to the energy of the beam, which is equal to the 
number of photons times the energy of each photon, hf. 
Therefore, if you hold the intensity fixed and increase the 
frequency, the number of photons should decrease, since 
each photon contains more energy. This is the way the 
simulation behaves, and it is physically correct, but it 
has caused some confusion among both students and in- 



structors, who expect the number of photons to remain 
fixed (e.g. see Fig. 38.3 in Knight's textbook 21 , which 
makes this error) . For instructors who prefer to make the 
simpler assumption that the number of photons remains 
fixed as the frequency changes, the options menu con- 
tains a choice to control the number of photons instead 
of the intensity. 



V. UNEXPECTED CONSEQUENCES 

One of the unexpected consequences of interactive en- 
gagement techniques, at least as implemented in our 
course, is that they encourage many difficult student 
questions about the implications of the material dis- 
cussed in class. We have found that when students are 
truly engaged in the material and are trying to make 
sense of it, they start asking many questions that are be- 
yond the anticipated scope of the class, and sometimes 
even beyond the scope of knowledge of the instructors, in- 
cluding one Nobel laureate. We point this out because it 
is important for instructors to be prepared for such tough 
questions. This preparation includes having answers to 
questions one can anticipate, as well as the ability to 
think on one's feet and/or admit ignorance in response 
to the questions one cannot anticipate. Here are some ex- 
amples of questions students have asked during lectures 
on the photoelectric effect: 

• Wouldn't there be less current at low voltages be- 
cause the electrons would fly off in different direc- 
tions and not hit the other plate? 

• How does the work function relate to where the 
element is in the periodic table? 

• Why is intensity independent of frequency for light 
but not sound? 

• Can two photons give energy to a single electron? 

• How does the photon decide where it's going to hit 
the metal? 

• Shouldn't those accelerating electrons be emitting 
light? 

• Wouldn't kinetic energy of the electrons eventually 
level off because they can't go faster than the speed 
of light? 

• Why does the light rip off electrons but not pro- 
tons? 



VI. ASSESSMENT 

To assess the effectiveness of our curriculum, we gave 
two exam questions that were designed to assess student 
learning of each of our two learning goals for the photo- 
electric effect. 

First exam question: The first exam question, shown 
in Fig. [5l was adapted from the first exam question de- 
veloped by Steinberg et ali to assess the effectiveness of 
PT. We used this question so that we could compare our 
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I, Suppose you were to perform the photoelectric effect experiment using light with a 
wavelength of 400nm and a target made of cadmium. You find that when the voltage 
measured across the electrodes V is equal to zero volts, the ammeter reads zero current. 

Would the ammeter read zero current or a non-zero current if you were to: 

a. Double the intensity of the light source on the cadmium target? Explain your 
reasoning. 

b. Increase the voltage V of the battery from volts to +5.0 volts (using the cadmium 
target)? Explain your reasoning. 

c. Replace the cadmium target with one made of sodium but with the original intensity 
and zero voltage applied? Explain your reasoning. 



FIG. 5: First exam question 
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TABLE I: Percentage of students who answered each part of 
the first exam question correctly (including correct reason- 
ing). The first two lines are taken from Steinberg et al.— , 
which has a different question order (Q2 for part a, Q3 for 
part b, and Ql for part c). N is the number of students in- 
cluded in the sample. 

results to the results of this previous study. We changed 
the order of the parts to make the question flow more 
smoothly, and changed the vocabulary slightly to be more 
consistent with the vocabulary used in our course (e.g. 
replacing the word "cathode" with "target" and "poten- 
tial difference" with "voltage"). We changed the target 
material and numbers each semester, but otherwise the 
wording of the question was identical in each course. We 
asked this question in three consecutive semesters. This 
question provides an assessment of the first learning goal, 
for students to be able to correctly predict the results of 
experiments of the photoelectric effect. 

Table[T]shows the percentage of students who answered 
each part of the first exam question correctly in each 
semester of our course, as well as in the Steinberg et al. 
study. While the students in the Steinberg et al. study 
who used PT were able to do significantly better than 
the students who did not use PT, they still did poorly on 
part b, the question about voltage. Our students' scores 
were comparable to the PT students on part a, somewhat 
better on part c, and significantly better on part b. This 
is in spite of the fact that our class size was much larger 
than the classes in the Steinberg et al. study. 

We hypothesize that the reason our students did so 
much better on the voltage question is that the Pho- 
toelectric Effect simulation provides such a compelling 
visual model for the effects of changing voltage, allow- 
ing the students to visualize the actual behavior of the 
electrons as the voltage is changed. 

The most common error, made by nearly half (42%) 
of the students who answered at least one part of the 
first exam question incorrectly, was the misapplication of 
Ohm's law, for example claiming that a voltage is nec- 



essary for current flow or to overcome the work function 
of the metal. This was also the first student difficulty 
noted by Steinberg et al. (see Section II). This further 
illustrates that understanding the effect of voltage is one 
of the most difficult aspects of the photoelectric effect for 
students. The second most common error, made by 5% of 
the students who answered at least one part incorrectly, 
was to claim that for the case where the photon energy 
is less than the work function, it is possible to eject elec- 
trons by increasing the intensity alone. The remainder of 
the incorrect responses were not obviously categorizable. 

It is also worth noting that there is no significant differ- 
ence between the scores in the first two semesters, when 
the course was taught by the curriculum designers, and 
the third semester, when it was taught by another pro- 
fessor and the class size was significantly smaller. This 
suggests that the success of the curriculum is not strongly 
dependent on the instructor or class size. 
Second exam question: The second exam question, 
shown in Fig. [6l was designed to measure whether stu- 
dents have achieved the second learning goal, to be able 
to describe how the experimental results lead to the pho- 
ton model of light. This question was asked all four 
semesters, although the wording was changed slightly 
each semester. The request to draw specific graphs was 
added in Spring 2006, part c was separated from parts a 
and b in Fall 2006, and the request to "list least 2 infer- 
ences for part a and 2 for part b" was added in Spring 
2007. 

We note that part b of this question does not repre- 
sent the historical order of events, since the observation 
of the effects of varying frequency were not made until af- 
ter Einstein predicted them, rather than being the basis 
of his inference of the particle model of light. 22 However, 
because making inferences from observations is quite dif- 
ficult for students, we chose to give them more clues than 
Einstein had. 

Because the analysis of the second question was more 
time-consuming than the first, we analyzed only a ran- 
dom subset of 47 students from each semester. We ana- 
lyzed student responses to the second exam question by 
recording the number and categories of correct observa- 
tions and inferences that each student made, as well as 



FIG. 6: Second exam question (wording from Spring 2007). 



2. You perform the photoelectric effect experiment using sodium as the target metal. You 
find that at your present light intensity with 300nm light, you have about 1000 electrons 
being ejected per second. You are making observations of both the number of 
electrons being ejected per second and the kinetic energy of these ejected electrons. 

a. Describe what you observe when you turn the intensity down and down until it is 
l/1000th of its current value. (Include qualitative graphs of the # of electrons ejected per 
second vs intensity, and max KE vs intensity, to support your words. Label any 
important points on your graphs.) 

b. Describe what you would observe as you vary the color of light over a broad range 
(from far IR to far UV). (Include qualitative graphs of # of electrons ejected per second 
vs frequency, and max KE vs frequency, to support your words. Label any important 
points on your graphs.) 

c. From the observations in parts a and b, what inferences or conclusions can you make 
about the nature of light? List at least 2 inferences for part a and 2 for part b. Include the 
reasoning that leads you to these inferences. 
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by examining the reasoning that led from a specific ob- 
servation to a valid inference. 

Fig. [7] shows the percentage of students giving correct 
observations in each part of the second exam question. 
Correct observations for part a include that the number 
of electrons ejected is proportional to the intensity, that 
the kinetic energy of the electrons remains constant if the 
frequency of the light is unchanged, that which electron 
is ejected is random, and that there is no time delay be- 
tween the light hitting the surface and electrons being 
ejected. Correct observations for part b include that the 
kinetic energy of the ejected electrons is proportional to 
the frequency of the light, that there is a cutoff frequency 
below which no electrons are ejected, and that more elec- 
trons are ejected as the frequency increases. Nearly all 
the students were able to state at least one correct ob- 
servation in each part, and aside from Fall 2005, when 
the wording of the question was less clear, the majority 
were able to make at least two correct observations in 
part a and three in part b. Thus, most students were 
able to correctly describe the results of the experiments 
described in this question. 



100 
90 
80 



■§ 70 

s 60 

50 
0) 40 

f 30 

1 20 

§ 10 

Q- 



□ Fa05 
■ Sp06 

□ Fa06 

□ Sp07 




Part a Part b Part a Part b Part a Part b 
1 or more 2 or more 3 or more 

Number of Observations 



FIG. 7: Percentage of students giving correct observations in 
the second exam question. 
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FIG. 8: Percentage of students giving correct inferences in 
the second exam question. 

Fig. [8] shows the percentage of students giving cor- 
rect inferences in each part of the second exam question. 
Correct inferences for part b include that light is made of 
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FIG. 9: Student reasoning connecting observations and infer- 
ences in the second exam question. 



photons, that the energy of a photon is proportional to 
the frequency, and that higher energy photons can eject 
more tightly bound electrons. Nearly all the students 
were also able to state at least one correct inference in 
each part, and on average the majority were able to state 
at least two correct inferences for each part. Thus, in ad- 
dition to correctly describing the observations of the pho- 
toelectric effect, students were also able to correctly state 
the inferences that can be made from these observations. 

Fig. [5] shows student reasoning connecting observa- 
tions and inferences in each part of the second exam 
question. A response was marked as "good reasoning" 
if a student fully explained how at least one correct ob- 
servation leads to at least one correct inference, "partial 
reasoning" if a student gave some explanation relating 
an observation to an inference but did not fully explain 
how one leads to the other, and "no reasoning" if a stu- 
dent gave incorrect, unintelligible, or no reasoning, for 
example simply restating an observation as a reason for 
an inference. Only about a third of the students were 
able to fully explain how the observations led to the in- 
ferences. Further, many students were confused by the 
difference between observations and inferences, giving in- 
ferences in response to questions about observations and 
vice versa, or responding to part c as if it were simply 
repeating the question asked in parts a and b. 

From an instructor's perspective, the main goal of the 
second exam question is to determine whether students 
can correctly reason from observations of the photoelec- 
tric effect to the particle model of light. The first column 
of Fig. [TU] shows the percentage of students who men- 
tioned the inference that light is made of particles. Un- 
like most of the results mentioned in this paper, this per- 
centage varies dramatically from semester to semester, 
declining from more than 80% in Fall 2005 to less than 
half in Spring 2007. One possible explanation for the 
declining percentage of students mentioning the particle 
model of light is that the more specific wording of the 
question focuses the students' attention on details rather 
than on the big picture. The second two columns of Fig. 
[T0l show the percentage of students who gave good rea- 
soning for how the observations led to the inference of 
the particle model in each part. These low percentages 
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FIG. 10: Percentage of students discussing the particle model 
and giving good reasoning for how the observations lead to 
the inference of the particle model. 



do not necessarily imply that most students did not real- 
ize that light is made of particles or could not explain the 
reasoning behind this inference if they were asked to do 
so more explicitly, but that they did not view this idea 
as relevant to answering this question. 



VII. CONCLUSIONS 



fectively about the connection between the two or even 
distinguish between them. 

These results demonstrate that our curriculum pro- 
vides a significant improvement over traditional instruc- 
tion, which leads to many students who cannot describe 
the basic experimental set-up or conclusions of the pho- 
toelectric effect, as shown in previous research. There is 
still room for improvement in developing students' skills 
in reasoning from observations to inferences. We saw the 
same problem in other parts of the course. While we em- 
phasized scientific reasoning skills repeatedly throughout 
our course, the majority of our curriculum was not explic- 
itly structured towards their development. We believe 
that the observed student difficulties are symptomatic of 
a more widespread shortcoming in physics instruction in 
general in addressing this important skill. This is con- 
sistent with research by Etkina et ali^ 3 ., which suggests 
that the development of such scientific reasoning skills re- 
quires entire courses to be structured throughout towards 
this goal. Because the history of modern physics includes 
so many relatively simple experiments that demonstrate 
important new ideas in science, such as the photoelectric 
effect, this is an area ripe for further research in develop- 
ing students' scientific reasoning skills. 



The analysis of student responses to the first exam 
question shows that the majority of students using our 
curriculum have achieved the first learning goal, to be 
able to correctly predict the results of experiments of 
the photoelectric effect. Students did well on all aspects 
of this question, including the section on the effect of 
changing voltage, which appears to be the most difficult 
aspect of the experiment for many students. 

The results of the analysis of student responses to the 
second exam question, designed to test the learning goal 
of describing how the results of the photoelectric effect 
experiment lead to the photon model of light, are more 
ambiguous. While most students could correctly state 
both the observations and the inferences involved in the 
photoelectric effect, they could not necessarily reason ef- 
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